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Induction of Fas {Apo-l, CI)95)-Mediated Apoptosis of Activated Lymphocytes 

by Polyclonal Antithymocyte Globulins 

By Laurent Genestier, Sylvie Fournet, Monique Flacher, Olga Assossou, Jean-Pierre Revillard, 

and Nathalie Bonnefoy-Berard 



Polyclonal horse antilymphocyte and rabbit antithymocyte 
globulins (ATGs) are currently used in severe aplastic anemia 
and for the treatment of organ allograft acute rejection and 
graft-versus-host disease. ATG treatment induces a major 
depletion of peripheral blood lymphocytes, which contrib- 
utes to its overall immunosuppressive effects. Several mecha- 
nisms that may account for lymphocyte lysis were investi- 
gated in vitro. At high concentrations (.1 to 1 mg/mL) ATGs 
activate the human classic complement pathway and Induce 
lysis of both resting and phytohemagglutlnin [PHA)-acti- 
vated peripheral blood mononuclear cells. At low, submito- 
genic, concentration ATGs induce antibody-dependent cell 
cytotoxicity of PHA-activated cells, but not resting cells. 

THE POLYCLONAL antilymphocyte or antithymocyte 
globulins (ATG)* are potent immunosuppressive agents 
used in organ transplantation since the late 196()s. They have 
proved elTective either as rescue treatment of first rejection 
episodes and graft-versus-host reaction or as prophylactic 
treatment of rejeclion.' As an alternative to polyclonal ATGs. 
monoclonal antibody (MoAb) OKT3 has been extensively used 
in organ transplantation.'-^ However, in clinical studies, poly- 
clonal ATGs compare favorably to 0KT3 both tor prophylactic 
use or in rescue therapy.^ The precise mechanism of action of 
ATGs is undefined, but the profound lymphocytopenia observed 
throughout the treatment period mainly contrihutes to the 
immunosuppressive effect. Various mechanisms ha\e been 
proposed to explain lymphocyte depletion, including comple- 
ment-mediated cytolysis or clearance of lymphocytes by opso- 
nization and phagocytosis by macrophages.'^ ATGs are a 
mixture of multiple antibodies to various lymphocyte surface 
antigens.**-^ It was recently reported that antibodies specihc for 
HLA class I molecuics.^^ " and antibodies to CD2.'-'^ CDMV 
and CTLA-4'^' could induce apopttisis of T cells, 
whereas anti-HLA class 11 and anti-HLA class I antibodies can 
also trigger api^ptosis of activated B cells, Antibodies to CD2. 

CD45. and HLA molecules were identihcd in ATGs; it 
may therefore be hypothesized that their binding either to 



■Within the contL'Xt of this report. ATG is used to refer to either 
Liiuithynmcytc or antilymphocyte globuhns. 
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They also trigger surface Fas (Apo 1, CD95) expression In 
naive T cells and Fas-ligand gene and protein expression In 
both naive and primed T cells, resulting in Fas/Fas-L interac- 
tion-mediated cell death. ATG-induced apoptosis and Fas-L 
expression were not observed with an ATG preparation 
lacking CD2 and CD3 antibodies. Susceptibility to ATG- 
Induced apoptosis was restricted to activated cells, depen- 
dent on IL-2, and prevented by Cyclosporin A, FK506, and 
rapamycin. The data suggest that tow doses of ATGs could 
be clinically evaluated in treatments aiming at the selective 
deletion of in vivo activated T cells in order to avoid massive 
lymphocyte depletion and subsequent immunodeficiency. 
V 7998 by The American Society of Hematology. 

resting or to activated T cells, or both, may trigger a signal of 
programmed cell death. F-urthermore. ATGs contain antibodies 
to Cr)2 and CD3. which account for their mitogenic properties.' 
Repealed activation of mature T cells through CD2 or CD3 
results in apoptosis of activated T cells. The major pathway of 
this activation-induced cell death (AlCD) uses the interaction 
between Fas (Apo-l, CD9,'i) expressed by activated T and B 
cells and Fas-ligand (L'as-L, CI>J.S-L) produced by a subset of 
activated T cells.''' The present study was designed to 
investigate in vitro the different mechanisms whereby ATGs can 
induce peripheral lymphocyte depletion. To this end. we 
measured the capacity of ATGs bound to peripheral blood 
lymphocytes (PBL) to bind human Clq and to induce comple- 
ment-dependent lysis. We deternnned their activity in antibody- 
dependent cell-mediated cytotoxicity (ADCC) and their capac- 
ity to induce Fas and Fas-L expression. In all those assays, we 
compared the sensitivity of naive versus niitogen-activated PBL 
to ATG-induced lysis, in order to identify those mechanisms 
that could display some specificity toward prcactivated PBL. 
The dose responses were analyzed according to serum concen- 
trations achieved during treatments. Finally, we evaluated the 
effect of immunosuppressive drugs that interfere with the 
interleukin-2 (lL-2) pathway (Cyclosporin A, lCsA|. FK506, 
rapamycin) on the development of the sensitivity to ATG- 
induced lysis. 

MATERIALS AND METHODS 

Antibodies and reai>ents. Rabbit ATG. batch no. 95-07, and horse 
antilymphocyte globulins, hatches no. 1 141 and n<i. 5, were provided by 
Dr J. Carcagne (Pasteur Merieux serums & vaccins. Lyon. France). 
Characteristics of each batch have been previously reported,^ F(ab'): 
triigmciiis of ATG no. 95-07 were prepared by pepsin digestion and 
purified by exclusion chromiilography on protein A, tollowing standard 
procedures. Normal rubbit IgG (Zymed, San Francisco. CA) and hoise 
ann-rabies globulins purihed according to the same procedure used tor 
ATGs (Pasteur .Meneux serums & vaeems) were used as controls. The 
;inti-(T>.S2 MoAb CAMPATM-tM (IgM) was a gift from Prof H. 
Waldmann (Sir Dunn School of Pathology. University ol Oxford. 
Oxford. UK). The three anti-Fas MoAbs were used in this study, UB2 
tor eytt)fluoronietry assays: CHI! (IgM). ZB4 (IgGI), and phycoery- 
Ihrine strcptavidin were obtained trom Immunotcch ( Marseille, France). 
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ilorescciii-)-''i'hit^>^"i^itL- (f-ITC'l-conjuyiiieii (SD25 aiui CDM MoAbs 
; obl^ii'icd truin [^CLlon DiLkiiison (Mouiiuiiii View, CA) aiu) two 
unylatci-i anti-I'as-l. otic InMii PtKirtnuiLien (San Diogo, CA) and the 
ZT ("roiii Alexis Corporiitioii (Coyer S.A., Pans, France). CD3 MoAb 
kT3 ^'is from Cilag l,aborati)ries ( Levallois-Ferret, FraneeJ. 
The lectin phytobeniagglutittin (PMA), phorbol niynstate acetate 
MA), ionomycin, and cyclohcxiniuie (CHX) were tibtaineJ from 
na Chemical Co. (St Lt>iiis, MO). Rapamycin (RPM) and KK5()6 
j;ifts from Dr A. Altniann ([.a Jolla institute for Allergy and 
nunology. San Diego, CA). and CsA was kindly supplied by Saiido/ 
"ovartis, Paris, France). Human lL-2 and rIFN-7 were kindly provided 
;DrJ. Baiichereau ( Schering-Pknigh, DardiUy. France). 
■ Cell pre porn! ion. Peripheral bUiod was collected from healthy 
-nors in the presence of sodmni citrate. After the addition of a calcium 
Hide solution, blood w as dehbrinatcd by gentle rotation of the tlask; 
onuclear cells were then isolated by centnfugatitin on a layer of 
JSsIopaque (Sigma). Ceils were washed three times in Hank's balanced 
ia!t solution (flBSS) before cidtiire. Those cell suspensions referred to 
PBL were shown to contain 3.S'.f ^ ().4'7r monocytes, as detined by 
expression of CD14. f-or complenient-Eiiediated lysis and .ADCC 
experiments, peripheral blood mononuclear cells (PBMC) were ob- 
i by centrifiigation t)f heparini/ed blood on a layer of Hi.stopatjue. 
Culture niciliiim iind celt piolijernnoti. 1*BL were resuspended in 
Ml 1640 (Sigma) supplemented with ]{¥/( fetal calf serum (f-X\S). 2 
Tiol/L L-glutainine, and antibiotics (penicillin l(X) L7mL. streptoniy- 
CUJ 100 pg/mLl. f-'or the proliferation assay, cells (lO'VinL) were 
ubated in *J6-well microplates (Costar, Cambridge. MA) in the 
encc of PHA (3 )jg/nil.) or with AKJs at the indicated concentra- 
tions. Cultures were maintained in a Iiuniid atmosphere at 37' C 
ontaining 5'-''f CO: Iff thtr indicate time. 

' Immun<jjiit()rcsceiu e assnxs. Cells were washed with isotonic 
NaCl/Pi buffer containing I'/f bovine .serum albumin (BSA) and 0.2% 
"aNj (phosphate-buffered saline |PHSj/BSA/a/ide), Cells (3 x 10^) 
: incubated with lOpL labeled MoAbs for 30 minutes at 4 "C. Then, 
"er two washes m PBS/BSA/a/ide buffer, cells were fixed with ]% 
lldchyde in PBS/BSA/a/.ide buffer and analyzed by How cytonie- 
' with a fv\CScan (Beclon Dickinst>n, Pont de Claix, France). For 
intracellular analysis of Fas-L expression, cells were fixed with freshly 
prepared 2''i paraformaldehyde in PBS and pernicabili/ed by saponin 
(0.337O (Sigma). 

Measurvmeni of upoptosis. After 3 days of culture, unstiimilated or 
PHA -activated PBL were har\ested. Dead cells were reinovcd by 
CCntrifugation on a layer of Histopaijuc (Sigma), and viable cells were 
washed in HBSS. Viable cells (lO'Vml.) were incubated in 96-well 
^microplates in the presence of ATG or CHI 1 MoAb. After incubation, 
fcell death wlis evaluated by three different lechniLjues. Measurement of 
-tochondrial transmembrane potential by How cytometry after 3,3'- 
fiihcxyloxacarbocyannie (DiOC^) staining- and detection t>f phosphati- 
jlserine expression by How cytometry alter addition of FITC- 
yugated anne.xin V'' were performed on the same suspensions at the 
"ated time. Nuclear apoptosis was assessed by fluorescence micros- 
after staining with MtK-chst 33342 (Sigma) at 10 pg/mL. following 
'lously described methods.-' Nuclear fragmentation or marked 
nsation of the chromatin with reduction of nuclear si/e. or both. 
Considered typical features ol apoptotic cells. On the basis of these 
, uremcnts, results were expressed either as percentage of apoptotic 
SOr as percentage of specific apoptosis accorcling to the formula 



% Specific Apoptosis = 



(test - ct)ntr<il) x I(K) 
(MX) - ct>ntrt>l) 



cDNA synthesis kit (Pharmacia Biotech. Orsay, France) in a total 
reaction volume of 13 f.d-. .After ')() minutes at 37 the reaction was 
terminated by heating f\)r 4 minutes at 9.3 C, PCR was performed in 
mixtures c(.)ntaining 1 pL cDNA derived from 10 ng total RNA. primers 
(100 ng of each: F'urogentech. Scnnng. Belgium), 2.3 pl^ U) X PCR 
butfer (Promega, Charbonnieres, France) containing 1 .3 mrm>l/L MgCF. 
0.03 nimol/L of each dN I P, and 0.3 U of Tat] polymerase (Prctmega). 
Primers for f-as-l, and Actin included Fas-L sense primer 5'CCA- 
rrr-AAC-AC]Ci-CAA-GTC-CAA-CTC-3', Fas-L anti-sense primer 
3'CAA-CAT-rCT-CCiG-TGC-CTG-TAA-C-3'. actin sense primer 
3'GGG-TCA-GAA-GGA-rrC-CrA- TO 3', and actin anti-sense primer 
3'GGTCTCAAACATGSATCTGGG-3'. These primers were designed 
to discriminate between the amplification of cDNA (low si/.e PCR 
products) and contaminating genomic cDNA (high size PCR prt)ducts). 
For each amplicon, 23 to 35 amplification cycles (1 minute at 94"C, 1 
minute at 3S' C, and 1 minute at 72 'C) were performed with the PCR 
system y6(K) (Perkin Flmer, Montigny-le-Bretonneux, France). Semi- 
quantitative evaluation oi aniplihcation products was performed as 
described by Morgan et al.''' Briefly, each PCR product (13 pL) was 
ctectrophoresed on agarose gel (2''f } stained with ethidium bromide and 
photographed using polaroid type 665 positive/negati\ e film. "Fhe 
specificity of F^CR reaction was confirmed by the expected si/e i)f the 
amplification products. The PCR signal intensities were quaiiiitated by 
scanning the negative Him using a Desktop Scanning Densitometer 
(PDI/Pharmacia Biotech, Saint-Oueiitin-Yvelines, France) and by evalu- 
ating the integrated trace optical density (OD) for each band using 
Quantity One Software (PDI/l*harmacia Biotech). The point for samples 
comparison in the exponential amplification range was selected by 
inspection from semi- logarithmic plots of OD versus cycle numbers. To 
correct for variations in the amount of input cDNA, results were 
expressed as the ratio Fas-L OD/actin OD at the point previously 
determined. 

CoinplemeiU-nu'dutted l\si\. Resting or PH A-activaled PBMC were 
labeled with Nay ' CrOj for 2 hours at room temperature and washed 
twice. They were resuspended in medium at 2 X 10^ cel!s/mL, and UK") 
pL of the suspension was added to round-bottomed microliter plates 
containing 30 pL of an appropriate dilution of the antibody. After 
incubation for 10 minutes at room temperature, 50 pL of 40'f fresh or 
heal-inaclivated (36' C, 30 minutes) autok>gous serum (obtained from 
liefibrinated blood) was added. The cell suspensions were incubated at 
37''C for 30 minutes, then centrifugeil at l(K),i,' for 2 minutes, and 1 (K) pL 
of the supernatant was collected for measurement of released radioactiv- 
ity. Controls without antibody were used to measure the spontaneous 
radioactivity release. The percentage of sfx^cific '''Cr release was 
calculated using (he formula 



Specific Release 



(test - spontaneous) X i(K) 
(total - spontaneous) 



^ i'iohilioi}. reverse nunsenption. i'CH umpltfu aSuyn of Fas- 
>nRNA. and quanujkafion. Total cellular RNA was isolated 
5 X lO'Vclls. following the method of Choinc/ynski and Sacchi.-^'' 
iriinscripiion of I pg RNA was performed using the first stand 



Ctij binding. A total of 20 p[. of ATCis or contrt)l Ig in PBS/BSA/ 
a/ide was added to PBMC pellets (4 X 10'') and incubated at 37''C for 
30 minutes. After two washes in PBS. samples were separated in two 
and incubated at room temperature for 30 mmutes in the presence of 30 
pL of autologous serum or heat inactivated (56"C, 30 minutes) scrum as 
a control. After two washes, cells were incubated with 10 pL of 
polyclonal goal anti-Clq FITC antibody ( 1/30 Cappel, Durham, NC) at 
4"C for 30 minutes. After two washes, cells were fixed with I'/r 
formaldehyde in PBS/BSA/a/ide buffer and analysis performed on a 
IvXCScan Mow cylomeier. 

.\ntthod\-dependeni cell cyfotoxkttw Resting and PHA-activated 
PBMC were labeled with Na;''' CrO^ for 2 hours at room temperature 
and washed twice. They were resuspended in medium at 1 X 10'' 
cells/mL. and 50 pL of tha suspension was added to round-btJltonied 
microtiler plates containing 30 p[, of an appropriate dilution of the 
antibody. .After incubation for 10 minutes at room temperature. 1(K) p[. 
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of ctlcctnr LcUs (25 x U)'' ccils/nilj was LidJcd. The cell suspensitMis 
were iiiciib;itod at 37 C tor 6 hours, then centritu^ed a( l(K),v for 2 
minutes and l(K) of the supernatant colleeted for nieasurenient ot 
rele^ised radioactn iiy as for ctmiplenient-mediated lysis. 

RESULTS 

A fGs induce apoptosis of activaieif iymphohlasts. Know- 
ing that ATGs could induce apdptosis of B-ccI] lines and to a 
lesser extent, T-ccIl lines,-^'' we examined whether such mecha- 
nism could also take part in the elimination of peripheral T 
lymphocytes. Three-day PHA-activated PBL, as well as nonac- 
tivated PBL. were treated with ATG no. 95-07, F(ab')2 frag- 
ments of ATG, anti-Fas MoAb CHtl as positive control, and 
normal rabbit IgG as negative contrt)l. Apoptosis was evaluated 
by DiOCt,[31 and annexin V staining (Fig 1 ) and by lluorcscence 
microscopy after staining with Hocchst 33342 (Fig 2). The 
results showed thai ATG no. 95-07 at nonmitogenic concentra- 
tions (10 (jg/mL). their F(ab'); fragments, and the anti-Fas 
MoAb CHll induced apoptosi.s of 30% to Wc of PHA- 
activated PBL. whereas resting PBL were not sensitive (Figs I 
and 2). Similar results were observed with ATG no. 1141 
obtained from horse (data not shown). Interestingly ATG no. 5 
containing CD 18, GDI la. anti-p2m. and anti-HLADR antibod- 
ies, but no CD3, CD2. and CD5 specificities, and which is not 
mitogenic at ct)nccntrations ranging from 1 to 1,0{X) pg/mL. did 
not induce apoptosis at 10 and 100 pg/mL (Fig 2; data not 
shown). Normal rabbit did not induce cell death of resting or 
activated PBL (Fig 2). Similar experiments were repeated with 
PBL activated by a 3-day culture period with PMA (10 ng/ml>) 
plus ionomycin (SOOng/mL), PMA ( 1 0 ng/mL) plus 0KT3 ( 1 00 
ng/mL), or a mitogenic concentration of ATG no. 95-07 or no. 
1141 (100 pg/mL). Whatever the activator used, the addition of 
ATGs (10 pg/mL) or F(ab')2 fragments thereof resulted in 
specific apoptosis ranging from 20*^ to 509r (data not shown). 



A'lG -induced apoptosis is Jullv iiihiiutcd h\ an cinliii^onist 
ami-Fas amibody. The apopt(Hic activ ity of ATGs was effec- 
tive only on activated T cells, which express Fas and which are 
sensitive to Fas-mediated apoptosis-^; we therefore studied 
whether ATG-induced apoptosis was dependent on f-as/Fas-L 
interaction. To this end, PHA-activated PBL were incubated for 
I h(.)ur with the antagonist anti-F^as MoAb ZB4, which blocks 
the interaction between Fas and Fas-L, before addition of ATG 
no. 95-07, ATG F(ab'): fragments or CH 1 1 MoAb. As shown in 
Fig 2. ATG-induced apoptosis was completely blocked by ZB4, 
indicating that ATG-induced apoptosis of activated T cells 
required }-as/Fas-L interaction. This idea was re-enforced by the 
observation that simultaneous addition of ATG no. 95-07 (10 
pg/mL) and CHI 1 resulted in the same percentage of apoptotic 
cells as with each antibody tested alone (data not shown). This 
result suggests that the same subset of activated T cells is the 
target of ATGs and anti-Fas antibodies. I-urthermore, it shows 
that ATGs do not contain anti-Fas blocking antibodies, at least 
in sufficient amount to be detected in this assay. 

ATGs induce Fas and Fas-L e.xpression. In an effort to 
obtain further evidence for a possible rote of Fas/Fas-L interac- 
tion in ATG-induced apoptosis. we examined whether ATGs 
would induce Fas-L expression in both resting and activated- 
PBL. To this end, PBL were first cultured in presence of a 
mitogenic concentration of ATG no. 95-07 ( 100 pg/mL) or PHA 
or medium alone for 3 days. After elimination of dead cells, 
preactivated PBL were then incubated for 6 hours with medium 
alone, ATG no. 95-07 at nonmitogenic (10 pg/mL) and mito- 
genic (UXJ pg/mL) concentrations or PHA. and induction of 
Fas-L mRNA was analyzed by RT-PCR. ATG no. 95-07 at either 
10 or 100 pg/mL induced Fas-L mRNA expression by nonacti- 
vated and by preactivated-PBL (Fig 3). Similar experiments 
perfonned with freshly isolated PBL showed that ATG no. 
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Fig 1. Effect of ATGs on mitochondrial transmem- 
brane potential and on phosphatidylserine expres- 
sion. PBL were activated for 3 days in presence of 
PHA (5 fig/mL), After removal of dead cells, medium 
alone, ATG no. 95-07 {10 fig/mL), or CHll anti-Fas 
MoAb (1 pig/mU was added. After 12 hours, A*m 
modifications were evaluated by staining with DiOCi 
(3). The expression of phosphatidylserine at the 
surface membrane was evaluated after 15 hours by 
measuring annexin-V binding. The percentage of 
cells with decreased mitochondrial potential mem- 
brane or increased expression of phosphatidylserine 
are indicated for each histogram. Results from one 
-typical experiment among four showing similar per- 
centages. 
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Fig 2. ATGs induce apoptosis of activated T lymphocytes. PBL 
were cultured in presence of medium alone or PHA (5 ng/mL) for 3 
days. Dead cells were removed and viable cells were treated for 20 
hours with ATG no. 95-07, F(ab)'i fragments of ATG no. 95-07, ATG no. 
5 or normal rabbit IgG at 10 jig/mL or with the agonist anti-Fas MoAb 
CH11 at 1 jxg/mL Protection by the antagonist anti-Fas MoAb, was 
tested by pre-incubating PBL or PHA-activated cells for 1 hour with 
ZB4 MoAb at 2 jig/mL. The percentage of apoptotic cells was 
determined by fluorescent microscopy after staining with Hoechst 
33342. Results are expressed as mean ± SEM of five different 
experiments or as mean of two experiments for ATG no. 5. 

9.v()7 { 10 anj 100 pg/diL), but not control rabbit IgG, strongly 
induced Fas-L mRNA expression (Fig 3). 

In parallel, snrface expression of Fas and Fas-L molecules, 
but CD25 and CD69 activation markers as well, was analyzed 
by flow cytometry on PBL cultured in the presence of ATG no. 
95-07 at iO and 100 ng/mL for i to 3 days. At mitogcnic 
concentrations (100 Mg/mL), ATG no. 95-07 induced CD69, 
CD25. Fas, and Fas-L expression (Fig 4). Surface expression of 
Fas, (T)69. and CD25 reached a maximum at day 2, and that of 



I-as-Lat day 1. Al nonmitogenic concentrations (ie, 10 pg/mL). 
ATG no. 95-07 still induced expression of CD69. Fas. and 
Fas-L, but not that of the CD25 molecule, suggesting that, at 
low concentrations. ATGs drive lymphocytes into the G] phase 
ol the cell cycle but did not allow them to progress to S phase 
becau.se of the absence of CD25 expression. Interestingly ATG 
no. 5 at l(X) Mg/niL did not induce CD69 Fas and Fas-L 
expression (I-ig 4). nor did it trigger apoptosis (Fig 2). Finally, 
these experiments were completed by intracellular staining of 
Fas-L in paraformaldehyde-lixed and saponin-permeabili/ed 
cells. The results indicate that ATG no. 95-07 (10 and MX) 
pg/niL) increa.sed intracellular Fas-L in both resting and preacti- 
vated PBL. with a maximum on days 1 to 2 (Fig 4; data not 
shown). }iistograms of fluorescence (Fig 4) show that a small 
subset of PBL is positive before activation, whereas after 
stimulation by ATG. most of the lymphocyte population be- 
comes Fas-L positive. 

hiterfercme with the IL-2 patlnvuy reduces ATGs-indm ed 
apoptosis. Knowing that IL-2 is required for acquisition of 
susceptibility to Fas-mediated apoptosis,^'' we analyzed the 
effeci of immunosuppressive agents that interfere with the IL-2 
pathway on ATG-induced cell death. PBL were cultured with 
PHA in the presence of CsA or FK506, which block IL-2 
expression at a transcriptional level, or with RPM, which blocks 
IL-2 signaling. Alter 3 days, cells were treated with ATGs or 
F(ab'): fragments. The presence of CsA, I-K5()6, or RPM, 
during T-cell activation, markedly decreased apoptosis medi- 
ated by ATG no. 95-07 or their F(ab'): fragments (Fig 5). In 
keeping with these results, we ob.served that addition of riL-2 
during the last 24 hours of cell culture, to PBL activated by PHA 
m the presence of CsA restored the sensitivity to ATG and 
F(ab')2-induced apoptosis (Fig 5B). Conversely, the addition of 
interferon-^ (IFN-y) restored T-cell proliferation.-'^ but nt)t the 
sensitivity to ATG-induced apoptosis. In agreement with previ- 



Cells preactivated Celts restimulated for 6 h with: 
for 3 days with: 




□ Ctrl IgG 100 ng/ml 

#95-07 100 Mg/ml -^^^^^^ ■#*9S-07 to Mg/mt 
Y /////////A '^ n^as-o? loo ug/mi 

H DPHA 5 tjgym 



PHA 5 ng/ml 




Fresh PBL stimulated for 6h with: 



□ Ctrl IgG 100 (ig/ml 
■ #95-07 10 fig/ml 

□ #95-07 100 ng/ml 




Fas-L/actin mRNA 



Fas-L/actin mf^NA 



(5 Expression of Fas-L mRNA induced by ATGs. (Left) PBL were cultured in presence of medium alone, ATG no. 95-07 (100 ^ig/mL) or PHA 

'*^«nd ion ^ ^^"^^ renioved. and viable celts were stimulated with normal rabbit IgG at 100 jig/mL, ATG no, 95-07 at 10 jig/mL 

'^•t 10 ^^'^^ °^ ^ t*g/mL for 6 hours. (Right) Freshly isolated PBL were stimulated with normal rabbit IgG at 100 tig/mL or ATG no. 95-07 

^^pecif^^/'"'' ^"'^ ^^'^^ ^""^ ^ "^^^^ °* sample was amplified by RT-PCR as described in Materials and Methods with primers 

fPCR '^^^ number of amplification cycles selected within the exponential phase of PCR was 29 for actin and 32 for Fas-L. The 

LtaDrr^^^"*^*^ separated on 2% agarose gel and the PCR signal intensities were quantified by scanning the negative film. Results are 

f essed as the ratio of absorbance of Fas-L/absorbance of actin (mean ± SEM of three experiments). 
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Fas-L 

Fig 4. Effect of ATGs on CD69, CD25, Fas, and Fas-L surface expression. PBL were cultured in presence of medium alone or ATG no. 95-07 and 
ATG no, 5 at 10 ^ig/mL and 100 ng/mL for 3 days. At days 0, 1, 2, and 3, surface expression of CD69, CD25, Fas, and Fas-L was determined by 
cytofluorometry. In parallel, incorporation of [^H]TdR uptake during the last 8 hours of culture was measured (med 367 ± 41 cpm, ATG no. 5 10 
jig/mL 391 ± 23 cpm, ATG no. 5 100 fig/mL 252 ± 26 cpm, ATG no. 95-07 10 \xg/mL 532 ± 53 cpm, and ATG no. 95-07 100 jig/mL 11,500 ± 103 
cpm), Histograms of Fas-L expression at day 1 are shown. Representative of four experiments with ATG no. 95-07 and of two with ATG no. 5. 
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Fig 5. (A) Effect of immunosuppressive agents on ATG-mediated apoptosis. PBL were cultured for 3 days with PHA (5 tig/mL) and CsA (250 
ng/ml), FK506 (10 nmol/L) or RPM (60 nmoI/L) were added at the onset of the culture. Apoptosis was determined by fluorescence microscopy 
after staining with Hoechst 33342, 20 hours after treatment with ATG no. 95-07 or their F(ab fragments at 10 ng/mL. (B) Effect of addition of 
exogenous IL-2 or IFN-y. PBL were cultured for 3 days with PHA (5 fig/mL); medium alone (gray bars) or CsA (250 ng/mL) (black bars) were added 
at the onset of the culture. Recombinant IL-2 {25 U/mL) or rIFN-y (500 U/mL) was added during the last 24 hours of activation. Apoptosis was 
determined by fluorescence microscopy after staining with Hoechst 33342, 20 hours after treatment with ATG no. 95-07, their F{ab )2 fragments 
at 10 Mg/TiL or the CH11 (1 ng/mL) MoAb. (Results are expressed as mean ± SEM of three different experiments). 
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, Fig 6. ATG-induced apoptosis is inhibited by CsA and requires 
protein synthesis. PBL were incubated for 3 days in the presence of 
PHA (5 jig/mL). Dead cells were removed and viable cells were 
Incubated for 3 hours with CsA {250 ng/mL) or CHX (0.5 ng/mL) 
before treatment with ATG no. 95-07 (10 jig/mL) or CHIl (1 ng/mL). 
Apoptosis was determined by fluorescence microscopy after staining 
with Hoechst 33342. Results are expressed as mean ± SD of three 
different experiments. 



PBL 



oils reports,-'' similar L-tTci.ts ucrc ubsciAcd as rcyartls sensi- 
tivity to F-as-niediated ajioplosis U'ly 

Kiirtherniorc. CsA and I-K.'SOd wciv Jesenhcd as strongly 
inhthitirii; 1-as-L expression ni imirine T-cell hybridunias. 
Thus, we have tested whether incubation of ,Vday FHA- 
aclivated FBL with Cs.A. just before ATCl (leatnieiit would 
interfere with ATG-indueed apoptosis. /\ .Vhour preincubation 
of PHA-blasIs with (\sA or (HX inhibited ATG-induced cell 
death but did not interfere with apoptosis induced hy the 
anti-l-as MoAb (Fig 6). 'fhese data sutjgest that immunosuppres- 
sive agents that interfere with ttie 11.-2 pathway can prevent 
ATG-induced apoptosis by inhibiting either Fas-L synthesis or 
the acquisition of sensitivity to Fas-L -mediated cell deatli by 
activated T cells. 

Aids mditce complcfncnt-ifWilidlcd cyloly.si.s a! supratnito- 
i^cnic concentrations. Bmding of human Clq was measured 
by incubation of PBL in the presence of ATGs and fresh human 
serum, folhnvcd by How cytometry assessment of the amount t)f 
bound Clq per cell. Heat-inactivated human serum was used as 
control. Maximal binding was achieved at t mg/niL. At lower 
ATG concentrations, only rabbit, but not ec|iiine, A'fCi bound 
Clq (Fig 7). Clq binding was ct)mparable between resting FBF 
and preactivated cells. 

The ability of ATGs to induce resting or Fl lA-activated 
PBMC lysis was evaluatetl in tlie presence of an exogenous 
source of human complement. Minimal cytolysts was obser\ ed 
at H) (jg/mL w ith e(iuine ATG, u hereas maximal cy tolysis was 
only achieved at \ery high concentrations ( I mg/niF) of ATGs. 
As a positive control of ct>mplemetit-mediated cytolysis. we 
u.sed the CAMPATH-tM MoAb, which, in agreement with a 

PHA 



10 ng/ml 




10^ io' 10"^ 10^ 



10^ 10* 10"^ 10^ 10^ 



'TOO ng/ml 



1000 ^g/mi 




ATG #95-07 ATG #1141 ATG #95-07 ATG #1141 

'^a 7. Clq binding to PBL or PHA-blasts sensitized with ATGs. PBL or PHA blasts were labeled with increasing amount of rabbit ATG (no, 
^j^Jor horse ATG (no. 1141) and then with autologous serum (solid line) or heat-inactivated serum as control (dashed line). Clq binding was 
LT^ed by using FITC-goat anti-dq polyclonal antibody and cell analyzed by flow cytometry as described in Materials and Methods. 



•sentative of three independent experiments. 
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Fig 8. Complement-mediated lysis of PBMC ver- 
sus PHA-Btasts. PBMC or 3-day PHA-activated PBMC 
were labeled with ^'Cr and incubated with rabbit 
ATG (no. 95-07} (■), horse ATG (no. 1141) (•), control 
horse ( : ) or rabbit IgG (^) or the anti-CD52 MoAb 
CAMPATH-1M (IgM) (A) at the indicated concentra- 
tions, for 30 minutes at 37''C, in the presence of 10% 
autologous serum. Results are expressed as specific 



release as defined in Materials and Methods 
Mg/ml ^'g/ml (mean ± SEM of three different experiments). 



previous report.- induced about S()7r lysis lit 10 pg/mL- t^t 
note, no liilTerence was observed, w hether ATGs were obtained 
troiii horse (no. 1 14] ) or rabbit (no. 95-07). and whether resting 
or PHA-aetivated Pli.MC were used as target cells in the 
cuinplcment-dependent lysis assay (Fig 8). 

AT(i\ linliu c antihoily-depencleiu cell cyfotoxiciry at low 
com cntnitums. ATGs no. 95-07 and no. 1141 were tested tor 
their ability lo induce ADCC of both resting and PHA-:ictivatcd 
PBMC, We observed that this effect was concentration depen- 
dent, w ith a niaximat cytotoxicity ;it 1 \-\dmL of ATG no, 95-07 
and effective only when P}IA-;ictivated PBMC were used as 
target celts (I-;g 9). As expected, the ADCC phenomenon was 
not observed with I-(ab'}: fragments of ATG no. 95-07 and was 
restricted to ATG from rabbit origin, because ATG no. 1 141 did 
not induce cell lysis at concentrations ranging from 0.01 to 100 
pg/mL. 

DISCUSSION 

Both horse anti lymphocyte globulins and rabbit ATGs are 
still used in the treatment of severe aplastic anemia, organ 
allograft rejection, and grafl-versus-host disea.se (GVHD), but 
their mechanisms of action remain largely unknown. A major 
common feature of ATG treatment is peripheral lymphocyte 
depletion.'-^ which usually persists throughout the adminis- 
tration period and slowly reverses thereafter. Although not 
formally demonstrated in clinical studies, lymphocyte depletion 
is likely to account for the immunosuppressive activity ol 
ATGs.'"^ The present study addressed the mechanisms of 



peripheral lymphocytot^nia, with special emphasis on the 
difterential susceptibility of preactivated T cells (PHA blasts) 
versus nonactivated T cells to AT(i-induced cell death. ATGs 
contain multiple anhbody specificities with little batch-to-batch 
variability despite the use of different cell sources (thymocytes, 
T-cell lines, or B-cell lines) and different immunization proto- 
cols.''** We therefore tested two ATG preparations of horse 
anti-human lymphocyte globulins (no. 1141) and rabbit anti- 
thymocyte globulins (no. 95-07) currently used in organ and 
bone marrow transplantatitm, as well as (mc horse ATCl 
preparation (no. 5) previously used in kidney transplantation 
(selected because of its highly unusual lack of mitogemc 
activity related to the absence of demonstrable CD2 and CD3 
specihcitics).^ Horse anti-lymphocyte globulins are adminis- 
tered at 10 to 15 mg/kg/d,'' and rabbit ATGs at 1.0 to 1.2 
mg/kg/d. resulting in average serum levels of 0.5 mg/mL and 80 
to 200 pg/mL. respectively.' These dosages have been selected 
mostly on empiric grounds, but individual dosage adjustment to 
maintain absolute T-cell numbers of 50 to t(X) cells/pL did not 
result in a major decrease in daily doses.'' It is worth noting that 
the 10-fold dosage difference between equine and rabbit ATGs 
IS not paralleled by differences in either specitic antibody titers 
(eg. C[52, CD3, CD4, CD8)' or in vitro functional properties 
such as T-cetl activation^-^ '^ or B-cell apoptosis.'^ 

Complement-dependent lysis is initiated by the binding of 
human Clq to ATG-coated cells. At low and intermediate ATG 
concentrations, Clq binding was demonstrable with rabbit ATC} 
on both PBL and PHA blasts but remained btirderline or not 



Fig 9. Antibody-dependent cell cytotoxicity of 
PBMC versus PHA-blasts. PBMC or 3-day PHA- 
activated PBMC were labeled with *^Cr and incu- 
bated with rabbit ATG (no. 95-07), horse ATG (no. 
1141), or their F(ab )i fragments at the indicated 
concentrations in presence of effector cells for 6 
hours at 37''C. Results are expressed as specific 
release as in Fig 8. Representative of two indepen- 
dent experiments. 
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dL'tcciablc wiih equine ATCJ (hiy 7). As shown with chimeric 
monocloniil iiiUibodies of ditt'erent isotypes, Ctq binding niay 
not be correlated with cell lysis, Therefore, we used the highly 
sensitive chroniiuni release assay to nieasiire CiMiipIernent- 
dependent lysis. The data (Fiiz 8) indicate that equine and rabbit 
ATGs are equally effective on PBMC and PHA blasts, but only 
at high concentrations. In keeping with our observation, coniple- 
ment consumption, as measured by decreased serum CH50 
activity, was recorded in some patients during equine ATG 
treatment, but never with rabbit ATG (Y. Lebranchii, personal 
Lommunication, January 1997), 

ADCC has been suggested as a possible mechanism of 
lymphocyte depletion by ATG.' - NK cells present in peripheral 
blood are potent effectors of I-"c receptor-dependent cell lysis. 
Our results indicate that only PHA blasts, but not PBMC, can be 
lyscd through an ADCC mechanism, suggesting that rabbit 
ATGs could display some selectivity toward preactivatcd lym- 
phocytes, should a similar mechanism t)perate in \'ivo. Equine 
ATG on the other hand was completely meffective in this assay, 
'i he major homeostatic mechanism that prevents lymphoid 
tissue hyperplasia despite repeated antigenic stmiulations and 
T- or B-celi clonal expansion is activation-induced cell death 
(AICD) mediated by Pas/L-Fas interaction.'^ We therefore 
investigated the possible contribution of the Fas pathway in 
ATG-induced lynipholysis. FasT. is constitutively expressed in 
a variety of tissues, including imnHnK)logically privileged sites 
(eg, eye, Sertoli cells), some tumors/^'*"^" and monocytes'^' and 
produced by a subset of T cells after repealed activation through 
the TCRyCD3 or CD2 pathways, or boih.^' Knowing the T-cell 
mitogenic properties of .ATGs.^'-'^ we were not surprised to 
observe that restimutation by ATGs of PBL preactivatcd by 
various mitogens, including ATGs themselves, triggered Fas-L 
gene expression (Fig 3). However, quite unexpectedly, ATGs 
vi/ere also found to induce FasT. mRNA and protein expression 
in nonpreactivated PBL, e\en at low concentrations ( 10 |jg/niL) 
sufficient to trigger CD69. but not CD25, expression and 
therefore remain below the mitogenic threshold (Fig 4). Al- 
though they express Fas receptors, these CD25 negative cells do 
not respond to lL-2 and theretV)re cannot become sensitive to 
Fas-dependent apoptosis, as discussed below. The fact that 
blocking Fas/Fas-L interaction completely suppressed ATGs- 
induccii apoptosis (Fig 2) provides unequivocal evidence for a 
role of the Fas pathway in ATG-mediated lymphocyte cell 
death. Target cells for Fas-L should not only express Fas 
receptors that are rapidly induced upon activation, but should 
also become sensitive to I-as-mediated apoptosis. a property that 
•s strictly dependent on an IL-2 signal.-^'' Hence pharmacologi- 
cal interference with the IL-2 pathway in activated T cells, by 
, the addition of CsA, FK^06, or rapamycin. prevents Fas- 
positive cells from becoming sensitive to ATG- and to Fas-L- 
(or 

agonist anti-Fas antibody )-dependent apoptosis. CsA also 
inhibits Fas-L expression. " '^^ Therefore, concomitant adminis- 
tration of ATGs with any immunosuppressive agent that intcrieres 
■,>ith the IL-2 pathway (eg, CsA. F'K5()6, rapamycin. CTLA-4-Ig. or 
*^25 antibodies) is likely to prevent Fas-dependenl ATG-induced 
^yniph(x-yte depletion. Furthemiore. this mechanism of lymphtx;yte 
^I*Ptosi,s may be impaired in clinical situations a.sstx;iated with high 
Plasnia levels of soluble Fas. 

conclusion, this in vitro sludy describes st)me ot the 



mechanisms that may account for lymphocyte depletion during 
ATG therapy. However, one should keep in mind that opsoniza- 
tion and subsecjuent phagocytosis by spleen. Ii\er, and lung 
macrophages is likely to account for the massive and rapid 
lymphocytopenia i>bserved with the current protocols. Neverthe- 
less, other mechanisms should be considered, some of which 
could represent a therapeutic objective in the design of future 
protocols aimeJ at a more selective mimuntisuppression. 
Complement-dependent lysis does not discriminate between 
resting and preactivatcd T cells. Because it is achieved at high 
ATG concentrations, it may occur in treatment w ith horse ATG, 
but this IS less likely with rabbit ATG. in this respect, the 
relevance of complement-dependent lymphocytotoxicity for the 
standardization of ATG preparations is questionable. Serum 
ATG concentrations achieved with current dosages are mito- 
genic for peripheral T cells. Hence, they could trigger Fas-L 
e.xpression and induce sensitivity to Fas-L in the vast majority 
of T cells, unless CsA or FK5()6 that block these processes is 
administered concomitantly. An important finding of this study 
is that some ATG at low, submitogenic concentrations may 
trigger Fas-L expression, resulting in the selective death of 
preactivatcd. but not resting, lymphocytes. An ATG preparation 
(no. 5) lacking mitogenic activity, and with no demonstrable 
CD2 and CD3 specificities, was devoid of this property, 
suggesting that "lymphocyte activating" antibodies (eg. CD2. 
CD3) may be critical in achieving Fas-dependent apoptosis. 
Similarly. ADCC that also occurs at low rabbit ATG concentra- 
tion selectively targets activated, but not resting. T cells. These 
properties could be used in protocols aiming at the selective 
elimination of in vivo activated T cells (eg. donor-specific 
alloreactive T cells in organ transplantation, recipient-specific T 
cells in GVHD). while sparing nonactivated T cells. Such 
protocols would require much lower do.ses than those currently 
used, in order to maintain serum ATG concentrations within a 
10- to 20-pg/mL range, instead of 1(X) fig/mL. Their feasibility 
will be evaluated in the cynomolgus monkey and, dejx'nding on the 
outcome of these experiments, clinical trials may be considered. 
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Non-Host-Reuctivc Donor CD8+ T Cells of Tc2 Phcnotype Potently 
Inhibit Marrow Graft Rejection 

By Danle! H. Fowler, Bernard Whitfield, Michael Livingston, Paul Chrobak, and Ronald E. Gress 
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p^nor CD8^ T cells capable of host reactivity inhibit marrow 
ar«ft rejection, but also generate graft-versus-host disease 
KaVHI)}- ^° evaluate whether the Tel- and Tc2-type subsets 
*0f COS celli might inhibit rejection without host reactivity, 
'W* established an F1 into-parent murine bone marrow 
liansplant model. Donor Tel and Tc2 cells were generated 
'that preferentially secreted type I or type II cytokines; both 
gubsets possessed potent cytolytic function, and clonally 
deleted host-type allospecific precursor CTL in vitro. B6 
hosts receiving 950 cGy irradiation did not reject the donor 
marrow (F1 chimerism of 78.6%; n = 10), whereas hosts 
tvcelving 650 cGy rejected the donor marrow (3.8% chime- 



rism; n = 8). At 650 cGy irradiation, the addition of Tc2 cells 
to the F1 marrow resulted in extensive F1 chimerism (70.8%) 
in 8 of 8 recipients; in contrast, alloengraftment was not 
consistently observed in mice receiving Tel cells or unma- 
nipulated CDS cells. Furthermore, when the preparative 
regimen was further reduced to 600 cGy, only hosts receiv- 
ing the Tc2-tYpe cells did not reject the F1 marrow. We 
conclude that Tc2 cells potently inhibit marrow graft rejec- 
tion without inducing an alloaggressive response and that 
non-host-reactive Tc2 cells therefore facilitate engraftment 
across genetic barriers with reduced GVHD. 
e 1998 by The American Society of Hematology. 



THE HOST-VERSUS-GRAFT immune response, which 
results in graft rejection, is a primary limitation to the 
transfer of marrow across genetic barriers. The observation that 
Itcipients of T-cell-depletcd transplants have a high rate of 
marrow failure' has led to the realization that donor T cells 
abrogate graft rejection; indeed, the presence of donor T cells in 
the marrow appears to be one of the primary determinants of 
whether jllocngrafiment occurs.- As such, administration of 
T-cell-enriched marrow is one approach to the facilitation of 
alloengraftment. However, in addition to preventing graft 
rejection, donor T cells generate an alloaggressive response 
against host antigens, which can result in graft-versus-host 
disease (GVHD). The donor CDS' T-cell subset appears to be 
particularly capable of abrogating rejection- ; however, CD8 + 
T cells also contribute significantly to the generation of 
GVHD.'^ ' (iiven this limitation, we have evaluated whether 
functional subsets- of donor CDS cells might prevent graft 
rejection with reduced GVHD. 

Recently, the existence of cytokine-secreting subsets of 
cytotoxic CD8+ T cells has been demonstrated''^; the Tel subset 
secretes the type ] cytokines intcrleukin-2 (IL-2) and intcr- 
feron-7 {IFN-7), whereas the Tc2 subset secretes the type II 
cytokines IL-4, lL-5, and IL-10. Both cytokine-secreting sub- 
sets of CDS cells possess cytolytic function, which has led to the 
Tcl/Tc2 terminology.'' Such CD8 functional subsets appear to 
differentially mediate allogeneic responses; eg, we and others 
have observed that the Tc2 subset results in reduced GVHD.**'* 
Importantly, the Tc2 subset can also mediate a graft-versus- 
Jeukemia (GVL) effect.** These results suggest that Tc2 cells 
;BUght represent a CDS population capable of mediating bencfi- 
ciaj allogeneic responses (such as the mediation of GVL effects 
or the abrogation of graft rejection) with reduced detrimental 
effects (less severe GVHD). In light of these observations, we 
have compared the Tel and Tc2 subsets of CD8+ T cells for 
their ability to prevent marrow rejection. 

To study the engraftment effects of the Tc I and Tc2 subsets of 
donor CDS cells independent of their GVHD effects, we have 
established an Fl into-parent model of graft rejection (B6C3F] 
*»ne marrow into sublethally irradiated B6 hosts). In this type 
of rejection model, donor CDS cells share the haplotype of the 
parental host and thus do not induce an alloaggressive reaction 
*gainst the host; T-cell-mediated facilitation of engraftment in 
such models has been attributed to a \elo effect." (n the veto 



effect, host-type precursor CTL capable of mediating rejection 
are clonally deleted by cytotoxic donor cells that express the 
alloantigens present on the marrow graft''; in addition, the 
donor cells mediating the clonal deletion are nonreactive to host 
antigens. The dehnition of veto cells is therefore a functional 
one, and multiple cell types have been observed to possess 
veto-type activity in the setting of murine allogeneic bone 
marrow transplantation, including bone marrow-derived natural 
killer cells'' and CD4^'^ and CD8^^'^ T cells. Previous 
experiments have demonstrated that the perforin/granzymc 
pathway of cytolysis is important in the mediation of the veto 
effect.' - Thus, in light of studies that indicate that the Tc2 subset 
of CDS* T cells preferentially uses the perforin/granzyme 
pathway,'"^ we hypothesized that non-host-reactive Tc2 cells 
would prevent marrow rejection. 

In this study, we compared the Tel and Tc2 subsets of donor 
CDS* T cells for their ability to facilitate alloengraftiTicnt and 
have determined that the Tc2 subset potently inhibits marrow 
graft rejection. By using an Fl into-parent model, we have 
shown that Tc2-mediated abrogation of rejection can occur 
independent of an alloaggressive response. The administration 
of non-host-reactive Tc2 cells therefore represents a strategy for 
abrogating rejection with reduced GVHD and thus may allow 
for the transfer of marrow across genetic barriers. 

MATERIALS AND METHODS 

//; vt!n> gt'iwrution of donor CDS * T veils of Tel ami Tc2 pheuotxpc. 
Spleen cells hum donor B6D2f-| mice iC5imJ(} X nBA/2. 
obtained from Frederick Cancer Research Facility |lTederick, MD] and 
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gO<A CDS', wiili less than 2'/i ct)iitamin:iting CD4' cells. 
Similar to results \^e ha\'e reptirted pre\ ioiisly/ cells from ihe 
Xc2 culture had lower surlaee CD8 expression relative to the 
Tel culture (mean tluoreseenee intensity of CDS expression for 
Tc2 cells was 3,662, whereas Tel cell mean lluorescenee 
inieiiMtv of CDH exjiression was .S,I31). Alst). expression ot 
surtace CD69 was measured to compare the Te! and Tc2 
cultures for their activation status'': the niajoriiy of cells 
(>859f ) in both Tc) and Tc2 cultures were positive for CMXi9, 
indicating that both populations were similarly activated at the 
time of their in vi\o evaluation (day 7 of culture). 

On day 7 of culture, cells from the Tel and Tc2 cultures were 
har\ esled aiid evaluated f or cytokine phenotype. To evaluate the 
allospecilic cytokine secretion pattern, cultured CDS cells were 
restiriiulaled with either syngeneic B6D2I-1 spleen cells or 
sennallogeneic H6C3[^"1 cells; cyiokuie .secretion was allospe- 
cifie. because stimulatitMi of Tel and Tc2 cells with syngeneic 
spleen cells did not result hi signihcant cytokine production 
above the detection limits of the assays (IL-2 assay, O.S CU/mL; 
lFN-7, 1.0 IlJ/mL; IL^4. 20 pg/niL; IL-5, 320 pg/inL: and 
IL-IO. 40 pg/mL). In response to restimulation with the 
third-party alloaniigen (H-2^). ceils from the Tel culture 
secreied the type 1 cytokines IL-2 (10.9 CU/mL) and IFN-7 
{152 lU/mL). hut did not secrete the type I! cytokines. In 
marked contrast, cells from the Tc2 culture secreted the type I! 
cytokines IL-4 (204 pg/mL), lL-5 (3 J 93 pg/mL). and IL-10 
(1,510 pg/niL) and secreted reduced levels of the type 1 
cytokines lL-2 ( 1 .2 CU/mL) and IL'N-^ (19.9 iU/niL}. 

Cytolytic function of the Tc 1 and Tc2 cultures was evaluated 
in chromium release assays using the allogeneic tumor target, 
P21(). this target shares the ailoantigen (H-2^) used for the in 
vitro CDS generation. As i^ig I shows, CDS ' T cells secreting 
either type I or type II cytokines were similarly effective in their 
lysis of the allogeneic P210 target. In contrast, the Tel and Tc2 
populations mediated only nominal lysis of the syngeneic EL-4 
target; the ability of Ihe RL-4 control target to be lysed was 
confirmed by generating TcU and Tc2-type effector cells of 
anti-H-2^ specificity (both populations sho\\cd greater than 
659; specific lysis of the LL'4 target at a 30: 1 L:T ratio). Thus, 
the Tel and Tc2 populations were allospecifie both in their 
cytokine secretion and cytolytic function. As such, the in vitro 
culture methodology was effective in generating allospecifie 
CDS^ donor T cells of Tc I and Tc2 phenotype. 

Both Tel- and Tc2-t\pe populations effectively delete precur- 
sor CTL 111 vitro. Graft rejection is mediated in part by 
radioresistant allospecifie CTL- -^^ the clonal deletion of such 
CTL may be one mechanism whereby donor T cells abrogate 
graft rejection. A model has been developed to evaluate the 
ability of cytotoxic cells to clonally delete allospecifie CTL in 
vitro by a veto-type mechanism'-^: using this model, we 
compared the Tel and Tc2 populations for their ability to 
clonally delete precursor CTL. In this model, the fate of 
allospecihe precursor CTL is determined by measuring the flow 
cytometric expression of the transgenic TC^R expressed by these 
CTL. It is important to note that, similar to the in vivo graft 
rejection model, this in vitro model is a one-way alloreactive 
system; ic. the transgenic precursor CTL can recognize the 
stimulator cells and the Tc I or Tc2 populations, but the Tc I and 
Tc2 cells are syngeneic relative to the precursor C'I'L. I'igure 2 



A: Tc1 Cells, P210 Target 
B: Tc2 Cells, P210 Target 
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Fig 1. Cytolytic function of the Tel and Tc2 populations. CDS' T 
cells from B6D2F1 donor mice were stimulated in vitro with irradiated 
spleen cells from B6C3F1 mice under Tel or Tc2 conditions, harvested 
on day 7 of culture, and plated in a standard 4-hour chromium-release 
assay at the stated ET ratios with the allogeneic tumor target, P210 
(H-2''), or the syngeneic tumor target, EL-4 (H ^"). Each data point was 
performed in triplicate, with less than 5% standard deviation for each 
point. 

shows that both Tcl and Te2 cells were similarly effective in 
their ability to delete the allospecihe precursor CTL population: 
the addition of 1 X 10'' Tcl or Tc2 cells on day 2 of the MLR 
resulted in an approximate one log reduction in transgenic CTL 
number by day 3 of culture. 

F! CDS' T cells of Tc2 phenotype potently iiihihii marrow 
i^roft rejection. Having generated CD8 ' T cells of both Tcl 
and Tc2 phenotype from IT donors, we next evaluated their 
effect on Fl marrow engraftnient in an 1-1 into-parent model (.>f 
graft rejection. B6 mice were sublethal ly irradiated and subse- 
quently received marrow from 86021-^1 mice; control mice 
received only the I- 1 marrow, whereas other treatment grt)ups 
received additional donor CDS' T cells of Tcl or Tc2 pheno- 
type. L'igure 3 shows the flow cytometry result for determina- 
tion of ri chimerism at hoXh day 30 and day 90 posttransplant. 
Irradiation of the B6 hosts with a high dose of irradiation (950 
cGy) resulted in LI marrow cngraftment (the range of Fl 
chimerism was 56% to 767f at day 30 and 927r to 957r at day 
90). In contrast, B6 hosts that were irradiated at a lower dose 
(650 cGy) displayed nearly complete host-type chimerism by 
day 90 posttransplant (<2% Fl chimerism), thus indicating 
rejection of the Fl marrow. In this experiment, hosts prepared 
with 650 cGy irradiation that received marrow enriched with ("1 
CDS^ T cells of Tcl phenotype also rejected the IT marrow 
{<y7< chimerism in all recipients). In marked contrast, hosts 
prepared with 650 cGy irradiation that received additicmal 
CDS' T cells of Tc2 phenotype had predominately donor-type 
chimerism (the range of Fl chimerism was 519^ to 66Vr at day 
30 and S27f to 91 7f at day 90). Other flow cytometry data (not 
shown) indicated that the chimerism occurred in the T-cell, 
B-ccll. and granulocyte lineages. This experiment therefore 
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Fig 2. Both Tel and Tc2 populations clonally delete precursor CTL 
in vitro by a veto-type mechanism. A mixed lymphocyte reaction was 
established in 24-well plates using a 10:1 mixture of responder spleen 
cells from CSTBI/eiH-a") and C57BI/6 transgenic mice (2C mice; CDS- 
T cells are transgenic at the TCR locus for L-^ allospecificity) and 
stimulator spleen cells from DBA/2 mice (H-2<i). The yield of trans- 
genic CDS- T cells in the MLR (tg responder MLR) was calculated by 
determination of cell counts and transgene percentage (transgenic 
TCR was identified by flow cytometry after staining with FITC-labeled 
1B2 antibody); in this system, the transgenic CDS population expands 
appoximately 10-fold between days 2 and 3 of the MLR To evaluate 
the ability of Tel - and Tc2-type cells to clonally delete this transgenic 
population by a veto mechanism, CDS^ T cells from B6D2F1 donor 
mice were stimulated in vitro with irradiated spleen cells from 
B6C3F1 mice under Tel or Tc2 conditions, harvested on day 7 of 
culture, and added to the transgenic MLR at the indicated numbers 
per well (tg + Tel and tg + Tc2) on day 2 of the MLR. The yield of 
transgenic CDS cells was then determined on day 3 of the MLR. 

indicated that the Tc2-type cells had a marked ability to prevent 
acute marrow graft rejection and that Tc2-mcdiated facihtation 
of engraftment resulted in long-term, stable marrow engraft- 
ment 

To further evaluate the effect of the Tel and Tc2 populations 
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Fig 4. Tc2-type donor CDS- T cells are enriched in their ability to 
abrogate marrow graft rejection. Host B6 (H-2'') mice were irradiated 
at 950, 650, or 600 cGy; all mice received 1x10' TCD bone marrow 
cells from B6D2F1 (H-2'"-) donor mice. Engraftment control mice 
(950/-) and rejection control mice (650/-) received only the donor 
bone marrow at the time of transplantation; other groups received 
additional in vitro-generated donor CD8+ T cells (1 x 10' cells) of 
Tcl-type (650/Tcl, 600/Tcl) or Tc2-type (650/Tc2, 600/Tc2) or addi- 
tional unmanipulated donor CDS cells (650/narve CDS). Each treat- 
ment group consisted of 5 mice. Peripheral blood lymphocytes were 
isolated on day 41 posttransplant and stained with H-2'' FITC (com- 
mon to both donor and host cellsl and H-2^ PE (specific for donor 
cells); the percentage of donor and host chimerrsm was then deter- 
mined by flow cytometry. 



on Fl marrow engraftment, B6 host mice were irradiated (950, 
650, or 600 cGy) and received injection.s of either Fl marrow 
alone or marrow and Fl CD8 cells that were cultured in vitro 
under Tel or Tc2 conditions; a separate treatment group 
received Fl marrow and unmanipulated Fl CD8^ T cells (naive 
CD8). As Fig 4 shows (chimerism results on day 41 posttrans- 
plant), hosts receiving 950 cGy irradiation displayed nearly 
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Fig 3. Tc2 tvpe donor CDS* T cells abrogate marrow graft reiection Ho« Rfi m 9bi „• ■ ^- ^ 

10' TCD bone marrow cells from B6D2F1 (H-2-) donor mke En^arment ^ t i Jo.«r! "'^"^'"'^^ ^* ^50 cGy; all mice received 1 x 

the donor bone marrow at the time of transplant o^^eT oro^n n T '"^ '*"'^^*'°" ""'^^ ^^^O/-) received only 

Tc2-type (650/Tc2). Peripheral blZlym Joc^^^^^^^ ' ""^ ^ 

donor and host cells) and H-2'' PE (specific for ronorceLT th^^f^r f V. P*''^"^^"^^'^"* stained with H-2'' FITC (common to both 
Each data point represents the .0^::!^;^::^^^ ^Vtometry. 
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compl<-*t'-' [-1 cnjzraftniein, whereas hosts receiving 650 cGy 
Ij^yjiaiion uniftjrmly rejected the Fl marrou. At 650 cGy ot 
host irradiation, mice recei\ing the Fl marrow and CDK' 
X cells of Tel phenotype displayed a variable level o\' Fl 
engranment (F^l chimensrn of ().67f, 427,, 447c, lYA, and 
76V^ I; il'iis, in contrast to the experiment shown in Fig 3, donor 
CDJ^ ^^'ii^^ of Tel -type were capable of abrogating the marrow 
graft rejection response. The administration ot unmanipulated 
Fl CD8 cells also did not result in consistent Fl engraftment 
(Fl chimerism of l).17< , 39'r, 87. , 7 1 7< , and 867r ). Thus, at 650 
cGy host irradiation, donor T cells of naive or Tel phenotype 
partially abrogated the graft rejection response. In contrast, 
mice receiving Fl marrow and Tc2-type CDS cells had a high 
level of I' t chimerisni in 5 of 5 recipients at the 650 cGy d<3se of 
irradKiHon (Fl chimerism of 789r, S27r. 837r, M7c. and 88%). 
When the results shown in Figs 3 and 4 are pooled (650 cGy 
host irradiation), the Tc2 population was found to abrogate the 
rejection ofTCD marrow (-I-Tc2 > marrow alone; P — .01 ) and 
found to prevent marrow rejection more potently than Tel -typo 
cells ( + Tc2 > +Tcl;/' = .008). 

As Fig 4 shows, mice irradiated at 6(X) cGy that received 
marrow supplemented with Tc2-type cells were uniformly 
engnitted with the Fl marrow (Fl chimerism in 5 of 5 
recipients; 647r, 669f , 717, 787, and 847 Fl chimerism); in 
contrast, 5 of 5 Tel recipients (6(X) cGy irradiation) displayed 
less than 17 Fl chimerism. Similar chimerism results were also 
obtained in this experiinent at 161 days posttransplant (not 
shown). This experiment confirms that dontir CD8^ T cells of 
Tc2 phenotype are enriched for an ability to prevent marrow 
graft rejectioti and shows that Tc2 cells are capable of facilitat- 
ing alloengraftment in the setting of less intensive host prepara- 
tive !x;:'imens. 

DISCUSSION 

In this report, we have evaluated the effect of donor CD8 + 
T cells of Tel and Tc2 phenotype on marrow graft rejection and 
have determined that the Tc2 subset is particularly potent in its 
ability to facilitate alloengraftment. The Tc2 subset, which 
pos.sessed cytolytic function and secreted type II cytokines, 
prevented the rejection of MHC-disparate marrow in suble- 
thally irradiated hosts and allowed for a significant reduction in 
intensity of the host preparative regimen. Because we used an 
Fl into-parent model in these studies, our results demonstrate 
that Tc2-mediated abrogation of rejection docs not require an 
alloaggressive response against the host. These findings thus 
confirm that non-host reactive donor CD8 cells can play an 
important role in the regulation of marrow rejection and Identify 
the Tc2 subset of CD8 cells as a population particularly 
enriched in its ability to facilitate alloengraftment. 

The marked ability of the Tc2 population to facilitate 
alloengrafttnent indicates that the process of graft rejection is 
quite susceptible to regulation by non-host-reactive donor 
T cells. Previous marrow rejection studies using unmanipulated 
donor CD8^ T cells indicated that non-hosi-reactive CD8 cells 
Were less potent than donor CDS cells capable of mediating an 
alloaggressive response against the host, In this study, we have 
demonstrated that the non-host-rcactive mechanism for prevent- 
ing graft rejection can be augmented by using in vitro-gencratcd 
donor CD8 cells enriched for cytotoxic function and type 11 



cytokine secretion. Because ht)st-reactive T-cell responses re- 
sult in GVHD, use of Tc2-type donor populations tt) abrogate 
rejection via a non-host-reactive pathway represents a new 
strategy for improving the balance between alloengraftment and 
GVHD. In previous studies, we have demonstrated that host- 
reactive CDK ■ T cells of Tc2 phenotype can mediate a GVL 
elfect with reduced GVHD relative to unmanipulated donor 
Tcells^; given these results, we would predict that host-reactive 
Tc2 cells inight also represent a strategy for preventing rejection 
with reduced GVHD. 

Previous studies have indicated that cytolytic function and an 
ability to clonally delete allospecific precursor CTL might be 
two parameters predictive for an ability to prevent graft 
rejection by a non-host-rcactive, veto-type mechanism.'- Given 
that the Tel- and Tc2-type donor CDS"^ T cells possessed 
similar cytolytic function and ability to clonally delete allospe- 
cific precursor CTL, we reasoned that these CDS subsets wi>uld 
prevent marrow rejection in this Fl into-parent model with 
similar efficacy. Ht)wcver, because the Tc2 subset was clearly 
superior in preventing marrow graft rejection, we believe that 
other functional characteristics must contribute tt) the in vivo 
ef fectiveness of this population. 

The mechanism for the enhanced ability of the Tc2 subset to 
abrogate rejection relative to the Tel population is currently not 
known, but likely involves a noncytolytic characteristic of the 
Tc2-type cells. One possibility is that the Tc2 subset has a longer 
in vivo half-life or a favorable in vivo homing pattern. A second 
possibility is that the dichotomous cytokine secretion pattern of 
the Tel and Tc2 subsets might exert differential effects on the 
graft rejection process in vivo; eg. a murine tumor model has 
demonstrated that the type II cytokine IL-IO can block an 
allogeneic rejection response.^'' However, we do not favor this 
explanation in our experiments, because our previous pilot 
studies using CD4"^ Th2 cells, which secreted the type II 
cytokines but were noncytolytic. did not abrogate marrow 
rejection in an Fl into-parent model. 

It is also possible that the Tc2 cells might be more effective 
tiian the Tel population at preventing marrow rejection medi- 
ated by host CD4^ T cells. The graft rejection model used in 
these studies involves disparities at both MHC class I and class 
II alloantigens; as such, radioresistant host CD4* and CD8* 
T cells may both have contributed to the marrow rejection 
process. In contrast to human CDS"^ T cells, which can express 
HLA class H antigens, murine CD8^ T cells arc not known to 
express class II antigens; the Tcl and Tc2 populations used in 
these studies were negative for MHC class II expression by 
routine FCM analysis. Because the classical veto mechanism is 
driven by host recognition of donor antigens, if Tc2 cells are 
capable of preventing CD4-mediated rejection, an alternative 
(non-veto) mechanism would presumably be operative. 

Clinical translation of the non-host-reactive Tc2 strategy 
would require the development of methodologies for the 
generation and characterization of human Tc2 cells that arc 
rendered nonreactive to host alloantigens. Application of this 
strategy in the setting of transplantation for nonmalignant 
diseases would likely result in a favorable balance between 
engraf tment and GVHD. However, because the GVL effect may 
require an alloaggressive T-cell reaction, the use of host- 
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reactive Tc2 cells for (he purpose of abr\>gating rejeciion might 
he adx antageous in the setting of leukemic hosts. 

In concliision, we have identified the Tc2 subset of donor 
CI)8 - T cells as a population particularly enriched in its ability 
to abrogate marrt)w graft rejection. Our observatit)n that the Tc2 
population ahrogates rejection without inducing an alloaggres- 
sive respon.se helps deiine the biology of T-cell rcguiatron of 
marrovv graft rejection and offers a new strategy for achieving 
alloengraftment with reduced GVHD. Combined with our 
previous fmdmgs that host-reactive Tc2 cells can mediate a 
GVL effect with reduced GVHD, the current results suggest that 
donor cells of Tc2 phenotype may be the optimal CD8' T-ce!I 
subset for use in the setting of allogeneic bone marrow 
transplantation. Marrow supplemented with both host-reactive 
and non -host-reactive Tc2 cells might optimally mediate antileu- 
kemia elTects and pre\'ent marrow rejection. As such, both 
cytokine phenotype (type I v type II) and specificity (host- 
reactive V non-host^reactive) of donor CD8 ' T cells are 
important considerations in attempts to broaden the future 
clinical applicability of allogeneic bone marrow transplantation. 
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